Abstract. The push-bending process of stainless-steel tubes was investigated by using the experimental method and finite element (FE) analysis based on the commercial software MSC.MARC. The effects of the processing parameters and the lubricating condition on the forming quality of as-obtained ASTM304 tubes were discussed. The results demonstrated that the experiment results were consistent with the simulation both in deformation behaviour and the stress distribution during the push-bending process, which verified the reliability of the established FE-model. The results also show that the maximum residual stress concentrates in the middle of tubes, the residual strain on both the external side increases firstly, then decrease, and increase again with the increase of the location angel. After the push-bending, the interior wall thickness increases while the exterior wall thickness decreases. When the relative bending radius is larger, smaller variation of wall thickness will be obtained. With the increase of the friction coefficient, the wall thickness thinning rate will decrease. With the increase of the pushing speed, the wall thickness thinning rate decrease a little while the thickening rate increases slightly. When push-bending of the large radius tubes, a good lubricating condition can reduce the wall thickening problem at the intrados, which will ensure a better forming quality.
INTRODUCTION
As important lightweight structures and liquid conveying or heat exchanging components, metallic tubular parts are widely used in the fields of aeronautics and aerospace, automobile, oil and chemical industries, etc. It has great advantages of efficiency, cost, and quality when tubular productions are made by plastic forming technologies. Among them, bending is most commonly used [1] .
The studies of tube bending mainly focus on the deformation behaviour during the process. The researches on deformation vary from wrinkling instability, cracking, cross section deformation to spring back phenomenon. Yang [2] [3] [4] did some works on the wrinkling activity from the effects of parameter to the prediction model. Megharbel [5] introduced a method to analysis bending tubes with different section shapes, and built equations to predict the moment for forming tube to a specific radius of curvature. There are also a lot of studies on spring back. The predicting equation [6] [7] , the mechanism [8] , the time-dependent behaviour [9] [10] , the effects of different parameters [11] are all included in the study of spring back.
However, most of studies are focus on the rotary bending only. There are few results on the push-bending process. In this paper, a FE model is established to analysis the push-bending process. The model is verified with the experiment from the aspects of the wall thickness and the residual stress. The model is also used to study the contact behaviour during the push-bending. The effects of some parameters on wall thickness are mentioned.
Research Method

Experimental method
The experiments are conducted using hydraulic machine which provides a force of 3150KN, as shown in Fig.1 . The mechanism is composed of sleeve, bending die and punch. The stainless tubes of AISI304 are used in the experiment with length l of 250mm. The outer diameter d of the tubes is 34mm, and the thickness t is 4mm. The radius R after the push-bending process is set as 136mm, and the bending angle θ is 90°. During the experiment, engine oil is used as lubricant. The wall thickness of the tube at different locations after bending is detected by ultrasonic generator and oscilloscope. X ray diffraction (XRD) is used to detect the residual stress along extrados of the tube.
FE method
The finite element model is established using the commercial finite element software MSC.MARC. The element size we used in the simulation is 2mm*2mm. Considering the symmetry character of the tube and the bending process, the model is simplified as a half model. Tab.1. The solid shell 182 is used in the model due to the consideration of hourglass and reducing integral function. Coulomb friction law is employed with the friction factor of 0.08. The whole process is divided into two parts, the loading process and the unloading process. During the loading process, the punch is set with a certain velocity. 
Comparison of the methods
In order to verify the reliability of the finite element model, the results of the experiment and FE simulation are compared in two aspects: the residual stress and the wall thickness.
The results of the wall thickening/thinning of both the experiment and simulation are compared as shown in Fig.3 . With the increase of the angle where the points are located, the exterior wall thickness decreases first and then increase. However, the interior wall thickness changes in an opposite rule. The results of both the experiment and the simulation show the same rule. The maximum wall thickness error of experiment and simulation is 3.38% of the exterior wall thickening, and 6.20% of the interior wall thinning. Fig.4 (a) shows the bent tube in experiment and simulation. The tubes are in good agreement in the shape, and there is no obvious pints on the surface. Fig.4 (b) is the comparative results of the residual stress at extrados. In the loading process, the exterior wall is in the role of tensile stress. When in the unloading process, there will be compressive stress at the extrados. With the increase of the angle where the test points are located, the residual compressive stress increases first and then decrease, and increases again in the location with a larger angle. The gap between simulation results and experiment results may be caused by the residual stress in the original production process and the error of X-ray diffraction method. 
Result and Discussion
During the bending process, the tube and the die are in contact and have a relative motion which produces deformation in tube. The exterior wall thickness decreases due to the tensile stress, while the interior wall thickness increases due to the compressive stress. The FE model is used to study the contact behaviour during the process, and the wall thickness along with the change of the coefficient of friction, relative bending radius and the bending speed. Fig.5 shows the contact status during push-bending. It is found that the tube was not always in contact with the inner wall of the die closely. The yellow region in the figure means in which place the tube and the die was in contact. Along with the bending process, more and more sections had a deformation and this cause gaps between the die and the tube. As shown in Fig. 5(b) (c) , an arc area appeared in which the tube and the die were in contact. At the meantime, a characteristic region at the top and the bottom of the tube was always in contact with the die until the unloading process. Step 350; (c) Step 500.
Contact behaviour during the push bending
The effects of friction coefficient
In the push-bending process, the exterior wall thickness decreases, and the interior wall thickness increases. Usually, the wall thinning rate and the wall thickening rate, as shown in Eq. (1) and Eq. (2), are used to express the two different wall thickness changes above.
Wall thinning rate at the extrados: Iti = tmin/t*100% (1) Wall thickening rate at the intrados: Ita = tmax/t*100% (2) Where t is the original wall thickness of the tube. tmin is the wall thinning at the extrados. tmax is the wall thickening at the intrados. Fig.6 (a) (b) show the effects of friction coefficient on the wall thickness at the extrados and intrados separately. With the increase of friction coefficient, the wall thinning rate decreased at the extrados, and the thickening rate increased at the intrados. During bending, the metal flow occurs at the exterior wall because of the axial tension stress. The increase of friction coefficient can hinder the metal flow and reduce the thinning rate. At the meanwhile, the increasing friction coefficient hinders the metal flow at the interior wall, intensifying the wall thickening rate. Fig.7 (a) (b) show the effects of relative bending radius on the wall thickness. When the relative bending radius R/D is 3, 3.5, 4, the maximum value of the thinning rate was 4.64%, 4.37, 4.12%, and the maximum thickening rate was 10.79%, 9.17, and 8.04%. Along with the increases of the relative bending radius, both the wall thinning rate and the wall thickening rate decreased. When the relative bending radius is too small, it will be hardly to get a bent tube with high quality. Also, the wall thickening rate was significantly higher than the thinning rate. The tube is more likely to wrinkle than to rupture. Fig.8 shows the thinning rate and the thickening rate with the increase of the pushing speed. The maximum value of the thinning rate was 4.19%, 4.17%, 4.16, and the maximum value of the thickening rate was 8.01%, 8.03%, 8 .04%. Both the interior wall and the exterior wall changed a little. When the pushing speed increased from 6mm/s to 10mm/s, the thinning rate decreased by 0.03%, and the thickening rate increased by 0.03%. The effects of the pushing speed were very little. 
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Conclusion
The FE model was established of push-bending to study the deformation behaviour, and results were compared with the experimental results. The contact status of different steps showed where the tube and the dies are in contact closely and where are not. For the pushbending, the wall thickness changes with the technological parameters. With the increase of friction coefficient or bending speed, the thinning rate decreased and the thickening rate increase. When bending speed changed from 6mm/s to 10mm/s, the wall thickness changed only a little. Both the thinning rate and thickening rate increased when a smaller relative bending radius was used. As a result, to push-bend a large radius tubes, a good lubricating condition which will help to ensure a better forming quality.
